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ABSTRACT: Cooperative metal–metal (M–M) redox chemistry has the potential to lower activation barriers for redox transfor-
mations relevant to catalysis.  Pd2(III,III) complexes, generated by oxidation of Pd2(II,II) complexes, have recently been implicated 
as intermediates in a variety of Pd-catalyzed C–H oxidation reactions.  M–M redox synergy, mediated by Pd–Pd bond formation 
and cleavage, has been proposed to facilitate both oxidation and reductive elimination steps during various Pd-catalyzed directed 
C–H oxidation reactions.  Herein, we report a transition state mimic for the oxidation of Pd2(II,II) complexes which suggests that 
M–M redox synergy is involved in the oxidation of Pd2(II,II) complexes to Pd2(III,III) complexes. 
Polynuclear transition metal assemblies are frequently encoun-
tered in the active sites of metalloenzymes that are responsible 
for  redox  catalysis  in  Nature.
1  For  example,  enzyme-bound 
binuclear Cu and Fe sites effect the partial oxidation of me-
thane  to  methanol  in  methane  monooxygenases.
1a,d,e  Infor-
mation  regarding  substrate  interactions  with  enzyme  active 
sites can be derived from transition state analogs, which are 
structures in which a small molecule that is structurally similar 
to the endogenous enzyme substrate, but chemically inert to-
ward the enzyme, is bound to the active site.
2 In comparison to 
biological redox chemistry, polynuclear transition metal cata-
lysts are less frequently studied in synthetic catalysis systems.  
Recently, binuclear intermediates have been implicated in a 
variety of Pd-catalyzed C–H functionalization reactions (i.e. 
Fig.  1).
3  Bimetallic  redox  synergy,  accomplished  by  Pd–Pd 
bond  formation  during  oxidation  of  Pd2(II,II)  complexes  to 
Pd2(III,III) complexes, and Pd–Pd bond cleavage during sub-
sequent product-forming C–X reductive elimination, has been 
proposed  to  facilitate  redox  transformations  in  some 
Pd(OAc)2-catalyzed  C–H  oxidation  reactions.
3g  Herein,  we 
report a transition state analog for the oxidation of binuclear 
Pd(II)  complexes  to  binuclear  Pd(III)  complexes,  in  which 
tetracyanoethylene, a potent electron acceptor, is bound to a 
dipalladium complex.  This structure allows visualization of 
the interaction of binuclear Pd complexes with electron accep-
tors  at  an  intermediate  point  on  the  Pd2(II,II)  to  Pd2(III,III) 
reaction  coordinate  and  highlights  nascent  Pd–Pd  bonding 
interactions during oxidation of binuclear Pd(II) complexes. 
Binuclear Pd(III) intermediates have been proposed as inter-
mediates in C–C,
3b C–O,
3c C–Cl,
3a,d and C–CF3 bond-forming 
reactions.
3h Oxidation of Pd2(II,II) complexes
5 can afford bi-
nuclear Pd(III) complexes with Pd–Pd bonds, formed by re-
moval of two electrons from the Pd–Pd ˃* orbital (Fig. 2).
3g,6 
Measurements of reaction kinetics of Pd(OAc)2-catalyzed C–
H arylation
3b and chlorination
3a,d have suggested that oxidation 
during  catalysis  involves  binuclear  intermediates  (Fig.  1).  
Reductive  elimination  from  binuclear  Pd(III)  complexes  re-
sults in reduction of Pd(III) to Pd(II) and accomplishes Pd–Pd 
bond cleavage.  Investigation of the stoichiometric organome-
tallic 
   
Figure 1. Catalysis cycle for Pd(OAc)2-catalyzed chlorination of 
benzo[h]quinoline  proceeds  via  oxidation  of  Pd2(II,II)  resting 
state A to a Pd2(III,III) intermediate,
4 from which bimetallic C–Cl 
reductive elimination proceeds. 
reactions of independently synthesized and isolated binuclear 
Pd(III) chlorides has shown that C–Cl reductive elimination 
proceeds without fragmentation of the binuclear core.
3a,e  
We have been interested in the hypothesis that M–M redox 
synergy  can  lower  activation  barriers  to  both  oxidation  of 
Pd2(II,II)  to  Pd2(III,III)  and  reductive  elimination  from 
Pd2(III,III)  complexes.
3g  As  such,  understanding  the  role  of 
M–M bond formation and cleavage, and attendant perturbation 
of the Pd–Pd distance, during redox transformations relevant 
to catalysis is crucial.  We have proposed that nascent Pd–Pd 
bonding interactions in the oxidation transition state can pro-
vide a lower-barrier process for metal-centered oxidation reac-
tions than for monometallic oxidation:
3g During monometallic 
oxidation, the oxidant X–Y bond is cleaved and new Pd–X 
and Pd–Y bonds are formed, while during a bimetallic oxida-
tion,  the  same  X–Y  bond  is  cleaved  and  Pd–X  and  Pd–Y 
bonds are formed, but in addition, a Pd–Pd bond is formed  
(Fig. 2).
6 In this Communication, we report a transition state 
analog  for  oxidation  of  Pd2(II,II)  complexes,  which  reveals 
Pd–Pd contraction upon coordination of an electron acceptor 
to the binuclear core of 1, which is consistent with partial Pd–
Pd bond formation during oxidation of Pd2(II,II) complexes to 
Pd2(III,III) complexes.  Our investigations have been carried 
out  using  Pd2(II,II)  complex  1  because  previous  work  has 
shown that complex 1 can be oxidized to isolable Pd2(III,III) 
complexes upon treatment with appropriate two-electron oxi-
dants.
3 
 
Figure  2.  Nascent  M–M  bonding  interactions  in  the  oxidation 
transition state could facilitate bimetallic oxidation. 
In  targeting  a  transition  state  analog  for  the  oxidation  of  a 
Pd2(II,II) complex to a Pd2(III,III) complex, we sought to iden-
tify an electron acceptor which would form a donor-acceptor 
complex  with  a  Pd2(II,II)  complex  without  accomplishing 
formal  metal-centered  oxidation  chemistry.    Tetracyanoeth-
ylene  (2)  was  selected  based  on  its  demonstrated  ability  to 
function as an acceptor to divalent Group 10 transition metal 
complexes, as well of its modest oxidation potential (E° = 0.13 
V vs. SCE).
7 Treatment of Pd(II) complex 1 with 1.0 equiva-
lents of tetracyanoethylene (TCNE; 2), resulted in an immedi-
ate color change from pale yellow to dark blue (Scheme 1).  
Above 0 °C, the blue color slowly bleaches.  The 
1H NMR 
spectrum of the blue solution resulting from treatment of  1 
with 2 is consistent with the persistence of a binuclear com-
plex; the observed 
1H NMR resonances are similar to those of 
Pd2(II,II) complex 1.  A single crystal of dark-blue complex 3 
was obtained by diffusion of toluene into a concentrated solu-
tion of 3 in CH2Cl2, and single crystal x-ray diffraction analy-
sis established the interaction of Pd2(II,II) complex 1 and 2.  In 
the solid state, a 2 : 1 adduct of 1 with 2 was observed, with 
close contact between the binuclear core of 1 and the olefinic 
carbon on 2 (Pd–C: 3.0332(3) Å).  The binuclear core of 1 
interacts with 2 at approximately a Burgi-Dunitz angle, con-
sistent with interaction of the dz
2 orbitals of 1 interacting with 
the π* orbital of 2.
8 The Pd–Pd distance contracts upon inter-
action of 1 (Pd–Pd: 2.84 Å (avg.)
9) with 2 to afford complex 3 
(Pd–Pd: 2.8028(5) Å), which is consistent with partial Pd–Pd 
bond formation upon binding of 1 to 2.  Interaction of the bi-
nuclear core of 1 with π-acid 2 as observed in the crystal struc-
ture of 3 resembles the early stages of the interaction of 1 with 
oxidants.  The observed contraction from 1 to 3 is small rela-
tive  to  the  contraction  observed  for  oxidation  of  1  to  a 
Pd2(III,III) complex, which is typically ~0.25 Å.
3 
Scheme 1. Treatment of Pd2(II,II) complex 1 with 2 affords 
donor-acceptor complex 3.  ORTEP drawing of 3 with ellip-
soids drawn at 50% probability (hydrogen atoms and solvent 
molecules removed for clarity).  Selected distances in 3 [Å]: 
Pd(1)–Pd(2), 2.8028(2); Pd(1)–C(32), 3.0332(3). 
 
 
The electronic absorption spectrum of 3 displays bands which 
overlap with those of the electronic absorption spectra of 1 and 
2,
10 as well as a new broad absorbance band centered at max = 
680 nm (ʵ = 1600 M
-1 cm
-1) (Fig. 3).  While all of the electron-
ic absorption features of 3 obey Beer’s law in the presence of 
excess 2 (18.2 mM 2 in CH2Cl2), in the absence of excess 2, 
the low-energy band in the absorption spectrum of 3 displays 
non-linear response to increasing concentration (Fig. 3 inset).  
Together, these observations suggest that the interaction of 1 
and 2, which gives rise to the absorption band at 680 nm, is 
reversible in solution.  The equilibrium constant for the bind-
ing of 1 with 2 at 273 K (Keq = [3]/[1][2]; [1] = [2] for 1 + 2  
3) was calculated to be 210 ± 30 based on the absorption spec-
tra obtained in the absence of excess 2 and the molar absorp-
tivity of 3, which was determined in the presence of excess 2.  
The equilibrium constant was computed based on both 1 : 1 
and 2 :1 binding stoichiometries of 1 with 2, with a better data 
fitting obtained for 1 : 1 binding. 
The electronic structure of complex 3 and the orbital parentage 
of the absorption features observed for complex 3 were probed 
by time-dependent density functional theory (TD-DFT) calcu-
lations (Fig. 4).
11 Structures of both complexes 1 and 3 were 
optimized at the M06 level of DFT,
12 which has previously 
been shown to be robust for modeling binuclear Pd complex-
es,
3e,h,13 and the optimized geometries of 1 and 3 successfully 
described  the  crystallographically  determined  bond  lengths 
and angles (computed Pd–Pd distance (Å): 2.87 (1), 2.84 (3).  
The low-energy absorption in the electronic   
 
Figure  3.  Extinction  spectra  of  complex  1  (red)  and  charge-
transfer complex 3 (black).  Inset:  In the presence of excess 2, the 
charge transfer band (680 nm) of 3 obeys Beer’s Law (top), while 
in the absence of excess 2, non-linear absorption as a function of 
[3] is observed which is consistent with an equilibrium in which 3 
interconverts with free 1 and 2 (bottom). 
spectrum of complex 3 is primarily derived from HOMO to 
LUMO excitation.  The HOMO of 3 is predominantly of Pd–
Pd ˃* parentage while the LUMO is dominated by the π* or-
bitals of 2.  As such, the low-energy band of 3 is assigned as a 
charge-transfer band between the binuclear core of 1 and the 
π* orbital of 2.
14 This orbital interaction is the same as the 
interaction of binuclear Pd complexes with oxidants during the 
oxidation of Pd2(II,II) complexes to Pd2(III,III) complexes.
6,15 
The low-energy absorbance in the spectrum of 3 differs from 
low  energy  absorbances  frequently  observed  in  binuclear 
Pd(III) complexes in that the HOMO of 3 is primarily the Pd–
Pd σ
*
, which in the LUMO of related Pd2(III,III) complexes. 
The higher energy absorption features observed in the spec-
trum of 3, as well as the features observed in the spectrum of 
1, are primarily ligand-based π to π* transitions.  NBO
16 anal-
ysis of complexes 1 and 2 supports an increase in Pd–Pd bond-
ing upon binding of 2 to 1; calculated Pd–Pd bond orders for 1 
and 2 reflect a small increase in the Pd–Pd bonding in 1 (Wi-
berg bond order: 0.1381 (1), 0.1402 (3); atom-atom overlap-
weighted NAO bond order: 0.2604 (1), 0.2992 (3)). 
In charge-transfer complex 3 there is direct interaction of the 
binuclear core of Pd2(II,II) complex 1 with a tetracyanoeth-
ylene molecule.  By selecting an appropriate acceptor, which 
is capable of interacting with the binuclear complex but insuf-
ficiently oxidizing to accomplish formal metal-centered oxida-
tion to afford a Pd2(III,III) complex, we have stabilized the 
binuclear core at an intermediate point along the reaction co-
ordinate  of  oxidation  of  Pd2(II,II)  complexes  to  Pd2(III,III)  
complexes.    Similarly,  donor-acceptor  complexes  between 
digold complexes and Lewis acids, which show contraction of 
the Au–Au distance, have been used to support the simultanei-
ty of M–M bond formation and oxidation.
17 Pd–Pd contraction 
has  also  been  observed  in  donor-acceptor  complexes  of  
Pd2(II,II) complexes with the electron deficient Hg compound 
Hg(C6F5)2  reported  by  Gabbaï.
18  The  observation  of  M–M 
bond  contraction  along  the  reaction  coordinate  of  oxidation 
suggests that Pd–Pd bond formation accompanies oxidation, 
and is thus capable of providing access to low-barrier path-
ways for metal-centered oxidation. 
 
 
Figure  4.  Calculated  electronic  absorption  spectrum  obtained 
from a TD-DFT calculation of structure 3 (black) and computed 
vertical excitations (red bars).  The low-energy absorption in the 
spectrum of 3 is predominantly a HOMO to LUMO transition. 
In summary, we report a transition state analog for the oxida-
tion of a  Pd2(II,II) complex to a Pd2(III,III) complex which 
was generated by interaction of the binuclear Pd core with an 
electron acceptor.  The observed Pd–Pd contraction upon co-
ordination  of  an  electron  acceptor  is  consistent  with  M–M 
bond contraction concurrent with oxidation, and suggests con-
traction along the M–M vector facilitates electron transfer by 
raising the dipalladium HOMO energy.  The use of electron 
acceptors to probe geometrical perturbations during oxidation 
may find application in a variety of other oxidation mecha-
nisms. 
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